Hybrid breakdown is a type of reproductive failure that appears after the F 2 generation of crosses between different species or subspecies. It is caused by incompatibility between interacting genes. Genetic analysis of hybrid breakdown, particularly in higher animals, has been hampered by its complex nature (i.e., it involves more than two genes, and the phenotype is recessive). We studied hybrid breakdown using a new consomic strain, C57BL/6J-X MSM , in which the X chromosome of C57BL/6J (derived mostly from Mus musculus domesticus) is substituted by the X chromosome of the MSM/Ms strain (M. m. molossinus). Males of this consomic strain are sterile, whereas F 1 hybrids between C57BL/6J and MSM/Ms are completely fertile. The C57BL/6J-X MSM males showed reduced testis weight with variable defects in spermatogenesis and abnormal sperm head morphology. We conducted quantitative trait locus (QTL) analysis for these traits to map the X-linked genetic factors responsible for the sterility. This analysis successfully detected at least three distinct loci for the sperm head morphology and one for the testis weight. This study revealed that incompatibility of interactions of X-linked gene(s) with autosomal and/or Y-linked gene(s) causes the hybrid breakdown between the genetically distant C57BL/6J and MSM/Ms strains.
H YBRIDS between individuals of two genetically di-
Hybrid breakdown is another type of reproductive isolation, defined as inviability or sterility observed only verged populations show different extents of rein the F 2 or later generations of interspecific or intersubproductive failure; this failure is known as reproductive specific crosses, while F 1 hybrids are viable and fully isolation. This reduction of fecundity of the hybrids fertile. Hybrid breakdown may be due to disruption prevents gene flow across the two different populations, of interaction of genes at different loci as the genes accelerating genetic differentiation and eventually consegregate after the F 1 generation. Assuming that two tributing to speciation. Thus, the study of reproductive diverging populations have different alleles at each of isolation is essential for understanding the process of two loci that genetically interact, it is inferred that the speciation.
proper interaction may occur only in the allele combinaIn mice, genetic studies on reproductive isolation tions that occur in each of the two diverging populahave focused mostly on male sterility in F 1 hybrids betions. Hybrid breakdown is thus hypothesized to arise tween subspecies or closely related species. This hybrid when genetic segregation causes alleles of each intersterility is likely caused by interallelic incompatibility at acting locus to become homozygous in an improper way. a given locus or at several different loci. In such cases, Therefore, the hybrid breakdown appears as a recessive one allele or a set of alleles is fixed or predominates trait (Muller 1940; Orr 1993) . Little is known about in each genetically differentiating population. Hybrid the genetic basis of hybrid breakdown, because it is both sterility has been observed in male offspring of crosses recessive and complex, involving more than two genes; between different subspecies (Forejt and Ivanyi 1975;  these characteristics may impede genetic analysis. Forejt et al. 1991; Trachtulec et al. 1997) and between MSM/Ms is a mouse strain derived from the Japanese different species (Guénet et al. 1990; Pilder et al. 1991, wild mouse, Mus musculus molossinus. It and a Western 1993, 1997; Pilder 1997; Elliott et al. 2001) .
European subspecies, Mus musculus domesticus, diverged from a common ancestor ‫1ف‬ million years ago (Moriwaki 1994) . The F 1 hybrid males of the MSM/Ms and derived from the Japanese wild mouse, M. m. molossinus, was Moriwaki 1994) , are fully fertile. Successive inbreeding established and maintained at NIG (Moriwaki 1994; Bon- of the hybrids, however, gradually reduced fecundity, then the females were mated with a 3-to 4-month-old male. Females with copulatory plugs were dissected to collect oocytes This reduction became pronounced in the third and and/or embryos from the oviducts on the day after the copulasubsequent backcross generations. This finding contion. Oocytes/embryos were flushed from the oviducts with firmed that the X chromosome is involved in the hybrid Whittingham's medium (Whittingham et al. 1972). breakdown. transmission electron microscopy (TEM), testes were fixed by perfusion via the left ventricle with 2.5% glutaraldehyde in 0.1 m cacodylate buffer. The removed testes were further immersed for 2 hr in the same fixative, washed thoroughly, and MATERIALS AND METHODS then cut into small pieces. The small pieces were fixed with 2% osmium tetroxide, routinely dehydrated, and embedded Animals: The C57BL/6J strain was purchased in 1984 from the Jackson Laboratory (Bar Harbor, ME) and has been mainin Epon 812 (Toshimori and Oura 1993). Ultrathin sections were made with a diamond knife on an ultratome (LKB model tained in the animal facility at the National Institute of Genetics (NIG; Mishima, Japan). The MSM/Ms strain, which was 2088; LKB-Producter AB, Bromma, Sweden) and double stained with uranium acetate and lead citrate in an autostainer hood under the null hypothesis H 0 , and L 1 is the maximum likelihood under the alternative hypotheses H 1 . The likeli-(LKB model 2168). Observation was done under a transmission electron microscope at 75 kV accelerating voltage (H7100 hood-ratio test statistic ϭ 2 ϫ (ln 10) ϫ LOD (ϭ 4.61 ϫ LOD). The 5% critical value may be taken as 2 0.05/12ϭ0.0042 ϭ type; Hitachi, Japan).
Acrosome reaction: For assessment of the acrosome reaction 11.0 when d.f. ϭ 2. and sperm motility, spermatozoa were collected from the cauda epididymides, dispersed into a 300-l drop of ToyodaYokoyama-Hoshi (TYH) medium (Toyoda et al. 1971) under RESULTS paraffin oil, and incubated at 37Њ in 5% CO 2 . To evaluate the acrosome reaction, numbers of spermatozoa were adjusted to (C57BL/6J ϫ MSM/Ms) F 1 females were backcrossed to C57BL/6J males. For each subsequent backcross generation, female progeny with a nonrecombinant X chromosome from the MSM/Ms strain were selected by genotyping of 10 MIT microsatellite markers on the X chromosome; these females were backcrossed to C57BL/6J males. These backcrosses were repeated for Ͼ10 generations. The first backcross generation is designated N 2 ; subsequent backcross generations are designated N 3 , etc.
Their average testis weight, however, was reduced to degeneration in the seminiferous tubules ( Figure 2 ). In the most extreme case, the degenerated seminiferous 62% of that of the B6-X B6 Y males. Other reproductive organs appeared normal. Histological analysis of the tubules had thin and irregular epithelia, and developing spermatocytes and spermatids were sloughing into the testes from the B6-X MSM Y males of the N 8 revealed ongoing spermatogenesis, but there were various degrees of lumen. It was also observed that a small number of basal laminae ( Figure 2D ). Hyperplasia of Leydig cells was observed in the interstitial space adjacent to the severely degenerated tubules ( Figure 2B ). In the other throughout its length in addition to the slightly shortseminiferous tubules, where spermatogenesis was taking ened apical hook. Type 4 shows a severely shortened place, the total number of germ cells of all types was apical hook and a squared posterior region. Type 5 is decreased and disrupted array and fragile adhesion characterized by a loss of apical hook in addition to the were seen between seminiferous epithelia ( Figure 2C ). squared posterior region. Type 6 is characterized by a The cauda epididymal laminae of the B6-X B6 Y males small, round sperm head. The severity of the abnormalwere filled with mature spermatozoa, while those of the ity increases from type 2 to type 6. More than 100 sper-B6-X MSM Y males contained both mature spermatozoa matozoa from each male were classified into the above and abnormally developing germ cells ( Figure 2F ). Desix types, and the percentage of each type was calculated. fects of spermatogenesis were observed in testes of some
In the B6-X B6 Y males, the majority of spermatozoa were of the B6-X B6 Y males, but in most cases the defect was classified as type 1 (87%, n ϭ 19 mice). In contrast, much less severe than that in the B6-X MSM Y males (data in the B6-X MSM Y males, most of the spermatozoa were not shown).
classified as type 4 (71%, n ϭ 14 mice), and normal We measured serum testosterone level of the B6-spermatozoa were rarely found. To quantify the severity X MSM Y males and the control males, because a high of morphological defects, we gave points, 0-5, for types level of serum testosterone in the B6-X MSM Y males was 1-6 and obtained a net score for individual males by expected from the hyperplasia of Leydig cells, which adding up the percentage of their spermatozoa belongproduce testosterone. The average testosterone level of ing to each type multiplied by the corresponding point the B6-X MSM Y males of the N 6 did not, however, differ value. Higher scores thus denote more severe abnormalfrom that of C57BL/6J and the B6-X B6 Y males (C57BL/ ities. The average net scores of the B6-X B6 Y and the B6-6J, 1.8 ng/ml Ϯ 2.5, n ϭ 5; B6-X B6 Y, 1.0 ng/ml Ϯ 1.7, X MSM Y males were 20 and 326, respectively (B6-X B6 Y, n ϭ n ϭ 5; B6-X MSM Y, 1.3 ng/ml Ϯ 2.1, n ϭ 5). 19 mice; B6-X MSM Y, n ϭ 14 mice). Abnormal morphology of the B6-X MSM Y spermatozoa: Observation with TEM revealed that epididymal sperSperm heads from the C57BL/6J males had, as exmatozoa of the B6-X B6 Y males had regular, spindlepected, a falciform morphology with an extremely long shaped sperm nuclei ( Figure 3D ). In contrast, most of apical hook ( Figure 3A) . Spermatozoa from (C57BL/ the sperm nuclei of the B6-X MSM Y males had irregular, 6J ϫ MSM/Ms) F 1 males also displayed normal morpholenlarged, curved, and hook-shaped or mushroomogy. In contrast, the B6-X MSM Y males of the N 2 exhibited shaped figures (Figure 3 , E and F). Chromatin condena slightly shortened distal region of the sperm heads.
sation seemed to occur normally in the sperm nuclei Sperm head malformations became much more severe of the B6-X MSM Y males, because all of the chromatin after the N 3 ( Figure 3C ). In the extreme case, the apical became condensed and darkly stained. hook of the sperm head was lost, and the sperm head
Other abnormal characteristics of the B6-X MSM Y sperwas small and round. The severity of the abnormality matozoa: We characterized other aspects of the B6-through the different backcross generations was well X MSM Y spermatozoa; the results are summarized in Table  correlated with the defect in fecundity. The B6-X B6 Y 4. First, we counted the number of spermatozoa in cauda spermatozoa had normal head morphology through the epididymides. The B6-X MSM Y males had 38% as many backcross generations ( Figure 3B) . spermatozoa in cauda epididymides as the B6-X B6 Y For quantification of the sperm head morphology, males. To test oviduct sperm transport, we isolated and sperm head morphologies were classified into the folcounted spermatozoa from uteri and oviducts after matlowing six types as shown in Figure 4 . Type 1 sperm has ing with males. The number of spermatozoa in uteri normal morphology. Type 2 has a slightly shortened was significantly lower in females mated with the B6-X MSM Y males than in those mated with the B6-X B6 Y apical hook. Type 3 has a narrowed sperm head The magnification is ϫ400. Seminiferous tubules with moderate defects were characterized by thin and fragile epithelia with reduced numbers of germ cells. In severely degenerated tubules, only spermatogonia and Sertoli cells were observed, and pachytene spermatocytes (arrow) sloughing into the lumen were observed. (E and F) Cauda epididymis of the C57BL/6J (E) and B6-X MSM Y (F) males. The magnification is ϫ400. Differentiating spermatogenic cells (arrowheads) were observed as well as spermatozoa.
males. Spermatozoa in the oviducts showed a similar morphology, the B6-X MSM Y spermatozoa displayed acrosomes. Moreover, the acrosome reaction of the spermatrend, although the difference was not statistically significant.
tozoa was induced adequately when the spermatozoa were incubated with the calcium ionophore A23187, To assess the motility of spermatozoa, we incubated spermatozoa in medium and took hourly measurements which induces the acrosome reaction. QTL analyses of X chromosomal factors responsible of the SMI, which reflects both the concentration of motile spermatozoa and the extent of their motility for reduced testis weight and sperm head abnormalities:
We conducted QTL analysis to map gene(s) on the X (Bartoov et al. 1991) . The SMI values of both B6-X B6 Y and B6-X MSM Y males showed typical temporal changes chromosome responsible for the reduced testis weight and the sperm head abnormality, using the Zmapqtl in sperm motility, in which the SMI values reached a peak after 2 hr in medium and then decreased graduprogram of QTL Cartographer. We focused on these traits for the QTL analyses because they can be treated ally. The B6-X B6 Y males exhibited normal SMI values, whereas the mean SMI value of the B6-X MSM Y males was as quantitative traits, and the traits are likely related to the male sterility. For the analysis, data from 179 male significantly lower than that of the B6-X B6 Y males at all time points.
progeny with recombinant or nonrecombinant X chromosomes generated from the N 5-7 backcrosses of the Finally, we examined acrosome function of the B6-X MSM Y spermatozoa. Despite their abnormal sperm head B6-X MSM X B6 heterozygous females to the C56BL/6J males were compiled. Each male was genotyped using QTL thus explains 78% of the difference in the average testis weights between the B6-X B6 Y and B6-X MSM Y males. microsatellite markers described above and evaluated for the testis weight and the sperm head morphology.
We constructed a congenic strain that carries the MSM/Ms-derived X chromosome in the interval of For the analysis of sperm head abnormality, a sperm head anomaly score for each male was used as a trait.
DXMit97-DXMit160 in the genetic background of the C57BL/6J strain. Males of this congenic strain showed The testis weights of the progeny generated from the backcrosses showed a normal distribution ranging from partial disruption of spermatogenesis and their average testis weight was reduced to 69% of that of the B6-X B6 Y 34.7 to 131.7 mg. The results of the QTL analysis are summarized in Figure 5A . The likelihood-ratio (LR) test males (the congenic strain, 69.2 mg Ϯ 11.7, n ϭ 12). Nevertheless, when each male was caged with three statistic had a single peak, located at the distal region of the X chromosome between DXMit97 and DXMit249.
C57BL/6J females, six of seven males from the congenic strain produced progeny with litter sizes averaging 7.0 Ϯ The maximum LR score of 110.7 lay in the interval between DXMit4 and DXMit217, and the estimated addi-1.6, which is normal as compared with that of the C57BL/6J males. The sperm morphology from these tive effect was 14.7. In the model of this analysis, the difference between the mean phenotypic values of the congenic males was normal (data not shown).
In the analysis of spermatozoa abnormality, the male B6-X B6 Y and B6-X MSM Y males is represented by 2a. This progeny of the N 5-7 backcross generations showed a distween C57BL/6J and MSM/Ms strains. It is notable that the F 1 hybrids of these two strains did not show any kind tribution of sperm head morphology scores ranging from 0 to 394. The results of the QTL analysis for sperof reproductive abnormality. It has been inferred that the majority of the C57BL/6J matozoa morphology are summarized in Figure 5B . The LR test statistic showed three peaks distributed across genome is derived from a Western European subspecies group, probably M. m. domesticus, which is genetically the X chromosome. The highest peak was located in the interval between DXMit50 and DXMit147, the secondary diverged by 1 million years from Asian wild mice, both the musculus subspecies group and the castaneus subspeone between DXMit95 and DXMit249, and the lowest one between DXMit89 and DXMit50. The maximum LR cies group (Yonekawa et al. 1980; Moriwaki 1994; Kikkawa et al. 2001) . Recent genome analysis based on score of 110.1 lay in the interval between DXMit144 and DXMit109, and the estimated additive effect was 71.4.
single-nucleotide polymorphisms clearly indicated that the genomes of most standard laboratory inbred strains, This QTL explains 47% of the difference in the average sperm head morphology score between the B6-X B6 Y and including C57BL/6J, are mosaics of different subspecies groups from Europe and Asia. It is estimated that Asian B6-X MSM Y males. The maximum LR scores in the other two peaks were 59.0 at 8.8 cM and 82.3 at 55.0 cM, mice contributed 21% of the genomes of the laboratory inbred strains (Wade et al. 2002) . Japanese wild mice, respectively. The former QTL explains 35% and the latter explains 40% of the difference. We refer to the M. m. molossinus, from which the MSM/Ms strain was established, originated mostly from the Asian musculus most proximal QTL between DXMit89 and DXMit50 as sperm head anomaly 1 (Sha1), the QTL between DXMsubspecies group and in part from the Asian castaneus subspecies group (Yonekawa et al. 1980) . Therefore, it50 and DXMit147 as Sha2, and the QTL between DXMit95 and DXMit249 as Sha3. We searched for epithe C57BL/6J and MSM/Ms strains are genetically distatic interactions among Shas using the MImapqtl proverged in the majority of their genomes, and thus the gram of QTL Cartographer. The program detected a hybrid breakdown observed in this study is attributable weak but significant epistatic interaction between Sha1 to intersubspecific differences in these two mouse and Sha3 (data not shown).
strains. This study demonstrated that males of the X chromosomal consomic strain, C57BL/6J-X MSM Y, have reduced DISCUSSION fecundity. This is a straightforward indication that the reduced fecundity results from incompatibility between Hybrid sterility and hybrid breakdown are representathe MSM/Ms alleles of one or more X chromosomal tive forms of postmating reproductive isolation. Study loci and C57BL/6J alleles of loci located on autosomes of reproductive isolation is crucial to understand the and/or the Y chromosome and thus that hybrid breakinitiation of speciation. In this study, we reported a typical hybrid breakdown observed in interbreeding bedown is caused by disruption of the interactions between these genes. It is noteworthy that the consomic females ing behavior. Because no two-cell-stage embryos could be recovered from females mated with the B6-X MSM Y with the X MSM X B6 chromosome are fertile and that XO females with an MSM/Ms-derived X chromosome in the males, the loss of fecundity is mainly due to the failure of fertilization. The B6-X MSM Y males displayed reduced hybrid genetic background of C57BL/6 and CBA strains showed fertility even after the N 5 generation (Takagi testis weight and moderate defects in spermatogenesis; in addition, we observed a significant reduction in the et al. 1994). All these facts indicate that the hybrid breakdown involving the X MSM chromosome is male specific. number of spermatozoa ejaculated by the B6-X MSM Y males that reached the female reproductive tracts. This In most cases, the reproductive isolation is first observed in the heterogametic sex (Haldane 1922) . It has been contributes, in part, to the sterility of the B6-X MSM Y males. More strikingly, the B6-X MSM Y spermatozoa had also generally accepted that deleterious epistatic interactions between X-linked gene(s) and other chromosomal severely abnormal morphology, with shortened apical hooks, although the spermatozoa induced adequate gene(s) would affect the sexes differentially (Muller 1940) . Our observation is consistent with these theories.
acrosome reactions. Moreover, we found that the motility of the B6-X MSM Y spermatozoa was significantly lower In general, it is assumed that multiple genes are involved in hybrid breakdown. In this study, fecundity of than that of the control B6-X B6 Y spermatozoa. Taken together, these results imply that the impaired fertility the B6-X MSM Y males declined rapidly in the early backcross generations, from the N 2 to N 3 . This fact may imply of the B6-X MSM Y males is probably due to failure of the spermatozoa to reach unfertilized oocytes in ampulla that only a modest number of genes on autosomes and/ or the Y chromosome, probably two or three, have interand/or failure to penetrate into the cumulus layer or zona pellucida, possibly because of the lower motility actions of major importance to male fecundity with X chromosomal genes. Future analysis using crosses of the and the misshapen heads of the spermatozoa. QTL analysis revealed a single major region responsi-C57BL/6J-X MSM strain with strains consomic for other chromosomes will answer the question as to which chroble for the reduced testis weight of B6-X MSM Y males; this locus is in an interval between DXMit97 and DXMit249 mosomes interact with the X-linked gene(s).
The phenomenon of hybrid breakdown is of great in the distal region of the X chromosome. A congenic strain that carries this critical region from the MSM/ use in investigating genetic interactions that underlie proper spermatogenesis. In-depth characterization of Ms strain in the genetic background of the C57BL/6J strain displayed reduced testis weight, confirming the the sterile B6-X MSM Y males revealed that they made copulation plugs at the normal rate, indicating normal matimportance of this region. Previous studies showed re- Figure 5 .-Result of QTL analysis for testis weight (A) and sperm head morphology (B), using data compiled from all the male progeny of the N 5-7 from crosses of the B6-X MSM X B6 females and the C57BL/6J males. The likelihoodratio test statistic is plotted at 1-cM intervals. The 5% critical value is indicated by a dotted line.
duced testis weight and dissociation of X and Y chromoand the reduced testis weight are caused by structural incompatibility between the pseudo-autosomal regions somes during male meiosis in intersubspecific and interspecific F 1 hybrids (Matsuda et al. 1982 (Matsuda et al. , 1991 Guénet of X and Y chromosomes . The boundary of the pseudoautosomal region is located between DXMit249 and et al. 1990). It was proposed that the hybrid sterility DXMit160 in the C57BL/6J strain (Perry et al. 2001) . male infertility. So far, detailed investigation of the causes of infertility has relied on studies with mutant Thus, the QTL for the testis weight, which we mapped between DXMit97 and DXMit249, is probably outside mice. Mutational disorders are responsible for some cases of male infertility, but the causes of many cases the pseudo-autosomal region and not related to the reported hybrid sterility. In fact, we found that the conare still unknown. Genetic incompatibilities may also contribute to human male infertility. The use of the genic males carrying the MSM/Ms-derived chromosomal segment between DXMit97 and DXMit249 were mouse consomic strains as a model system may shed light on genetic aspects of human infertility. fertile and that they produced normal spermatozoa. Thus, although the distal region of the X chromosome 
